Abstract. To date very little is known about the relation between regional circulation patterns and sea surface temperature development in the Niño 1,2 region and the occurrence of heavy precipitation in Ecuador and northern Peru. The current study uses a comprehensive data set of 2544 Meteosat-3 imagery to investigate the dynamics of heavy precipitation during El Niño in 1991/92. Rainfall maps are retrieved by means of an adjusted version of the Convective Stratiform Technique (CST) and Cloud Motion Winds (CMW) are extracted from image sequences by using a special cross-correlation approach. A spatial factor analysis is applied to extract specific weather situations with heavy precipitation during El Niño events. The factor analysis yielded 16 factors. It has been proven that the factor patterns with the highest variance explanation also occur during the rainy season of non-El Niño years. However, 6 El Niño-specific situations could be derived which cause heavy rainfall, especially in coastal Ecuador and northern Peru. Multi-channel Sea Surface Temperatures (MCSST) and cloud motion winds are used to describe atmospheric and oceanic dynamics for these specific weather situations. The analysis shows that high SSTs in combination with strong SST gradients off the coast and warm SST bubbles lead to regional differences in moist instability and heavy rainfall. Both large scale circulation (reversal of the Walker cell) and regional dynamics (extended land-sea-breeze system) have been proven to contribute to El Niño rainfall.
Introduction
The coastal area of Ecuador is periodically affected by heavy precipitation during El Niño events which cause severe floods, damage of infrastructure, economical losses and an increase in the frequency of water-borne diseases (Gasparri et al., 1999; Bendix et al., 2003) . Hence, the knowledge Correspondence to: J. Bendix (bendix@staff.uni-marburg.de) of the spatio-temporal dynamics of heavy precipitation is of great importance for weather forecasting and the planning of disaster prevention measures. Over the last few years several studies on the spatial extension of rainfall anomalies during El Niño/La Niña events in Ecuador have been performed, mainly on a monthly basis (Bendix and Bendix, 1998; Rossel et al., 1998; Bendix, 1999; Bendix, 2000; Bendix et al., 2003) . All studies showed that positive anomalies of rainfall during El Niño mainly affect the coastal plains of Ecuador to the western slopes of the Andes at altitudes <1800 m a.s.l. The increase in precipitation was found to be particularly high in central and southern Ecuador, with a peak time in February to March (Bendix and Bendix, 1998) . This time of the year corresponds to the rainy season in non-El Niño years (Bendix and Lauer, 1992) . The coastal area between central Ecuador and northern Peru (Sechura desert) has been proven to be the central El Niño area because the rainfall differences between normal years and El Niño events are particularly high (e.g. >+2000% for the station Machala). Vuille et al. (2000) focussed on precipitation anomalies in the Andean region of Ecuador in relation to large-scale, El Niño-like circulation patterns and Pacific/Atlantic sea surface temperatures (SST).
Although it is stressed in literature that heavy rains in Ecuador during El Niño are frequently attributed to a reversal of the Walker circulation, Fig. 1 illustrates that appropriate large-scale circulation patterns such as indicated by a negative Southern Oscillation Index (SOI) are not necessarily a reliable predictor for coastal Ecuador. In general, positive rainfall anomalies in Guayaquil are related to a negative SOI during both normal (such as in 1991/92) and "super" events (such as in 1997/98). With respect to rainfall anomalies in Ecuador and northern Peru (Sechura), a normal event is characterised by a moderate increase in rainfall (e.g. <+200% above the 30-year average for Guayaquil; <+1000% for Talara). On the other hand, a super event reveals significantly higher anomalies, especially in the Sechura desert of northern Peru (e.g. >+6000% for Talara; refer to Bendix 1999 (Fig. 1) . With respect to coastal Ecuador, therefore, a distinction must be made between El Niño events in the central Pacific (Niño 3,4 region) and eastern Pacific (Niño 1,2 region). Bendix et al. (2000) could explain the high importance of regional SST patterns and mesoscale circulation in the eastern Pacific (Niño 1,2 region) on heavy rainfall formation in southern Ecuador and northern Peru during the 1991/92 and 1997/98 events. However, to date, very little is known on the relation between regional SST/circulation pattern and weather type-specific spatio-temporal dynamics and the extension of heavy rains in Ecuador during east Pacific El Niño events. Hence, the major aim of the current study is to derive specific weather situations in the vicinity of the Niño 1,2 region with a unique spatio-temporal precipitation pattern by means of an event-based analysis of satellite data. The study area comprises the region from Galapagos (eastern boundary of the Niño 3 region) to the coast of Ecuador and northern Peru between 5 • N and 15 • S.
Data and methods
The main data set for the current study is a series of 2,544 Meteosat-3 (IR 10.5-12.5 µm) images with a half-hourly temporal resolution which covers 71 days of heavy precipitation during the El Niño 1991/92 in Ecuador. For the El Niño 1997/98, 11 days with maximum rainfall are investigated by means of GOES-8 (WV 6.47-7.02 µm, IR 10.2-11.2 µm) and TRMM-PR data (product 2A25, refer to Iguchi et al., 2000) . Ancillary data are radiosoundings from the stations Galapagos, Porto Velho, Manaus and Alta Floresta as well as a Digital Elevation Model (USGS GTOPO30).
The selection of days with heavy precipitation had the major goal of covering almost all days in the onset, mature and terminal phase of the El Niño event 1991/92 for Ecuador and northern Peru. The selection for the current study was based on the rainfall data (7, 13, 19 LT) from 55 meteorological stations. A day was considered for further analysis if precipitation of at least one of the stations exceeded 48 mm×8 h −1 (for a definition refer to Heyer, 1972) and the precipitation event additionally exceeded 50% of the 30-year monthly average. The second criterion was necessary because of the strong precipitation gradient from northern Ecuador to northern Peru, especially in the coastal plains.
The workflow of the current study is presented in Fig. 2 . Satellite data are converted to daily rainfall maps by means of an adjusted version of the CST (Convective-Stratiform Technique) for Meteosat-3 (Adler and Negri, 1988; Bendix, 1997) and the Enhanced Convective Stratiform Technique (ECST) for GOES-8 (Reudenbach et al., 2001) . Precipitation maps are computed for all single events of heavy precipitation (71 for EN 1991/92). The 1997/98 data are not included in the factor analysis but are used to check if the derived weather situations can also be observed during a "super" event.
Based on the 1991/92 data set, a spatial factor analysis is performed to extract maps of factor scores. The rainfall maps are summed up over a 10×10 pixel (∼40×40 km) environment to exclude local effects during the factor analysis. The resulting factors characterise specific independent weather situations for the formation of heavy precipitation during El Niño in the Niño 1,2 region. The advantage of a factor analysis in comparison to a cluster approach is the spatial (pixelwise) representation of the investigated variable (heavy precipitation) by the factor scores for a specific weather situation (factor). This allows for the distinction of specific spatial patterns of heavy precipitation representing different mechanisms of rainfall formation. Even if the factor scores are not an absolute measure of rainfall amount at a pixel location, they represent the rainfall tendency in every factor. In the present analysis, factor scores range between −3 and +8. Negative factor scores indicate that within the factor the variable (in our case heavy precipitation) is below average, positive scores mean above average figures. It should be stressed that the data sets represent heavy precipitation, which means that below average can still mean rainfall above normal. Extremely high scores (>+3) tend to occur in the dominant centres of heavy precipitation.
To link the specific situations of heavy rainfall as represented by the factors to dynamical mechanisms of rainfall formation, corresponding circulation and sea surface temperature (SST) patterns were computed additionally.
Circulation patterns were derived through the extraction of cloud motion winds (CMW) for three atmospheric levels (lower, mid and upper troposphere) from image sequences of Meteosat-3 and GOES-8. The computation is based on a moving cross-correlation technique (Schmetz et al., 1993; Bendix and Bendix, 1998) and was performed for every day with heavy precipitation. CMW maps were grouped by their membership to a specific factor and combined to a typical wind field in the lower and upper troposphere by consideration of the prevailing wind vectors.
Sea surface temperatures are examined by means of NOAA AVHRR-based weekly MCSST-data (Multichannel Sea Surface Temperatures; refer to McClain et al., 1985) . Single MCSST maps are assigned to the relevant factor and a weighted average is calculated. Table 1 shows the results of the factor analysis. 16 independent weather situations could be extracted which explain ∼60% of the variance in the data set. The first two factors contribute nearly half of the explained variance. The map of factor scores for factor 1 is presented in Fig. 3 which indicates rainfall in the coastal parts of Ecuador.
Results of the factor analysis
The Amazon region shows well-developed precipitation areas close to the borders between Brazil, Peru and Colombia. The average circulation situation for this factor based on CMW data reveals an upper air divergence over the area of high factor scores, and well-developed upper level easterlies which pass the Andes over the Ecuador region. It is striking that low level trades originating in the south Pacific anticyclone are present along the coast of Peru and the Niño 1,2 region, which can be suppressed by the reversal of the Walker circulation as observed for several Niños in the past (EN 1972/73; Wyrtki, 1975) . The north-westerly upper-level stream-flow over the Niño 1,2 region points to a well-developed Hadley component along the Peruvian coast. Also average sea surface temperatures illustrate only moderate positive anomalies off the coast of Ecuador for this factor (Fig. 5) . The situation is comparable for factor 2 (not shown here) where both the zonal (upper-level easterlies) and the meridional stream-flow (low-level trades, upper-level north-westerlies) are intensified. A comparison with the atmospheric dynamics during non-El Niño years as described, for example, by Kreuels et al. (1975) and Bendix and Lauer (1992) reveals that the same weather situation is characteristic during the normal rainy season. Hence, heavy precipitation during El Niño in the study area (factor 1-3) can originate from weather patterns which are also relevant in nonEl Niño years. However, even the moderate positive SST anomalies off the coast cause an intensification of precipitation in the study area during El Niño. In comparison to normal atmospheric dynamics, all other factor maps show specific deviations from average circulation, SST and rainfall pattern. Hence, they are classified as specific El Niño weather situations. Because of the large spatial extent of the study area used for calculating the factors (Niño 1,2 region and adjacent Andean and Amazon region), the factor analysis also extracts factors which seem to have the severest rainfall outside the coastal plains of Ecuador and northern Peru. Factor 3 (not shown), for instance, reveals the strong effect of the Bolivian Anticyclone at the northern Altiplano, but shows an interrupted rain field in the Ecuadorian coastal region. Single case studies of the rain events which had their highest loadings to factor 3 showed that spatial and temporal isolated rainfalls with precipitation amounts of >100 mm characterised the weather situations. However, most of the factors have their highest factor values placed in the Niño 1,2 region. Especially the factors 5, 7, 8, 9, 10, 11, 12, 13, 14 and 16 show extraordinary rainfall in the coastal plains of Ecuador and northern Peru and their adjacent areas. Figure 4 presents some of the typical El Niño weather situations of the factors 8-11, 13 and 16.
The corresponding weighted averages of SST are illustrated in Fig. 5 . The factors explain 11% of the total variance but contribute most significantly to accumulated rainfall. Factors 8 and 11 are representative for heavy precipitation ranging from the coastal lowlands of northern and central Ecuador to the north Peruvian Sechura. Factors 9 and 16 are linked to heavy precipitation in southern coastal Ecuador and the Sechura desert, factor 10 points to a local increase of heavy precipitation in the Gulf of Guayaquil area and factor 13 indicates extremely intensified rainfall activity at the western and eastern Andean slopes from the Colombian border to northern Peru.
CMW circulation patterns and SST can help to explain the spatial extension of precipitation. During situations characterised by factor 8, atmospheric circulation is generally weak. Low level trades close to the Peruvian coast are not established and the upper-level easterlies from the Amazon region are weak. Heavy precipitation develops off the coast of central Ecuador where strong SST gradients are visible which are the basis for moist atmospheric instability. Similar rainfall patterns are observed for factor 11 but are related to a typical El Niño circulation pattern. Westerly wind anomalies are indicated by low level CMWs in the Niño 1,2 region between the equator and 10 • S and are countered by well developed upper-level easterlies. Hence, this factor is a clear example of a reversal of the Walker circulation. Factor 9 shows a southward shift of the main rain area to southern coastal Ecuador and northern Peru. While the circulation patterns are weak (as for factor 8), a warm water bubble off the Peruvian coast, surrounded at its northern and eastern edges by a cold water tongue originating in the off-shore area of the Sechura coast, causes strong regional SST gradients. In this case, moist instability is the most likely reason for the origin of heavy rains (see also Lau et al., 1997; Tompkins and Craig, 1999; Tompkins, 2001) . A similar SST configuration of factor 16 leads to a comparable rainfall situation. Factor 10 seems to be mainly the consequence of limited-area SST development. Heavy precipitation especially occurs in the Gulf of Guayaquil and surrounding coastal areas. While the wind field is generally weak, a warm water tongue along the southern Columbian coast extends to the Gulf area and leads to moist instability. The limited low-level westerly streamflow in front of the Gulf is most likely not related to a reversal of the Walker cell but could indicate an intensified land-sea-breeze phenomenon which has been proven to be important for rainfall formation during normal and "super" El Niño events (refer to Schütte, 1968; Fett and Tag, 1983; Caviedes and Endlicher, 1989; Bendix, 2000; Bendix et al., 2000) . However, this sub-scale phenomenon cannot be investigated properly with the spatial resolution of the current study. A very intensive situation is indicated by factor 13. Average SST patterns reveal the highest SSTs close to the zone of the highest factor scores above the Pacific. CMW circulation points to strong equatorial westerly wind anomalies which are still clearly developed in the upper troposphere. Low level circulation seems to be weak. Moist instability, the strong westerly wind anomaly leads to deep convection which occurs in the coastal areas of Ecuador and northern Peru as well as the western and eastern Andean slopes. A similar situation is also observed for the 1997/98 El Niño (16 March 1998; refer to Bendix et al., 2003) .
Conclusions
The current study has shown that satellite data exploitation in combination with factor analysis is a useful tool for the determination of specific El Niño weather situations leading to heavy precipitation in the central El Niño area of Ecuador and northern Peru. However, the factor analysis explained only 60% of the total variance. Previous investigations (e.g. Horel and Cornejo-Garrido, 1986; Goldberg et al., 1987; Bendix, 2000) have shown that also mesoscale (multi-convective complexes) and local effects like the landsea-breeze and up-slope-breeze phenomena can boost the formation of heavy precipitation, especially if coastline configuration favours convergent flow as could be observed for the nocturnal land-breeze system in the Gulf of Guayaquil (Bendix, 2000) . The local phenomena are not properly represented by the current factor analysis due to the spatial aggregation of rainfall maps. Hence, subscale processes are most likely responsible for the unexplained variance. Future studies must focus on a full resolution factor analysis for the central El Niño area of Ecuador and northern Peru in order to provide a more detailed view on mesoscale and local weather modification during El Niño.
